Regular arrays of freestanding Cu nanostructures were grown on patterned Si substrates using glancing angle deposition ͑GLAD͒ from two oppositely positioned sputtering sources. Continuous azimuthal substrate rotation during deposition leads to the formation of vertical 430-nm-wide rods, which broaden anisotropically during subsequent growth with a stationary substrate. Statistical analyses of plan-view micrographs combined with numerical simulations indicate a linear increase in the width aspect ratio with deposition time that is attributed to a change in the growth front direction. This technique, termed simultaneous opposite GLAD, provides a unique approach for nanostructure shaping. Most reported studies on GLAD use a single deposition source and control the nanocolumn shapes by complex cyclic substrate rotations about ␣ and . An additional promising approach for lateral nanostructuring, as investigated here, is the simultaneous use of multiple deposition sources during GLAD, which is expected to result in layers with highly anisotropic electric and optical properties and has been shown to yield a columnar alignment parallel to the evaporation plane during Co-Cr codeposition.
Most reported studies on GLAD use a single deposition source and control the nanocolumn shapes by complex cyclic substrate rotations about ␣ and . An additional promising approach for lateral nanostructuring, as investigated here, is the simultaneous use of multiple deposition sources during GLAD, which is expected to result in layers with highly anisotropic electric and optical properties and has been shown to yield a columnar alignment parallel to the evaporation plane during Co-Cr codeposition. 20 In this letter, we demonstrate that the simultaneous deposition from opposite sides onto a stationary substrate can be exploited to control lateral column shapes and cause anisotropic broadening in GLAD nanostructures. This technique, called simultaneous opposing GLAD ͑SOGLAD͒, is applied on regular arrays of Cu nanorods that were grown on patterned Si substrates. A numerical model shows that the anisotropic broadening during SOGLAD can be explained by a change in the average growth front direction, causing a net lateral growth component.
All Cu nanorods were grown in a load-locked ultrahigh vacuum magnetron sputter deposition system on Si ͑001͒ substrates that were patterned with 500-nm-diameter polystyrene microspheres that self-assemble from colloidal suspensions into hexagonal close-packed monolayers. 21, 22 The substrate was placed in the center of two 7.5-cm-diameter Cu targets ͑99.95% pure͒ that were facing each other and were separated by 20 cm, with the plane of the substrate surface perpendicularly intersecting both target centers. A 38-mm-diameter collimating plate was positioned parallel to the substrate surface at a distance of 3 mm, in order to prevent any nondirectional flux from striking the substrate, and to control the polar deposition angle to be 84°. 9 The two step growth process consisted of ͑1͒ deposition with continuous substrate rotation with 50 rpm about the polar axis, leading to vertical columns, followed by ͑2͒ deposition from opposite sides onto a stationary substrate to investigate the morphological evolution during SOGLAD. Sputtering was carried out in a 0.26 Pa ͑2.0 mTorr͒ 99.999% pure Ar atmosphere that was further purified using a Micro Torr purifier. A fixed power of 750 W on each target resulted in a column growth rate of 50 nm/ min. The substrate temperature, measured by a thermocouple attached to the substrate holder, increased from room temperature to 140°C, due to heating from the plasma discharge. Figure 1͑a͒ is a scanning electron micrograph of 1.5-m-tall Cu nanorods grown by GLAD with continuous substrate rotation onto a self-organized monolayer of polystyrene spheres on Si͑001͒. The micrograph was obtained with the electron beam of the SEM tilted by an angle of 45°w ith respect to the substrate surface normal, providing a "bird's view" image. The nanorods are oriented perpendicular to the substrate surface and form a hexagonal closepacked array, replicating the structure of the initial substrate pattern. Their average center-to-center separation is 496± 32 nm, close to the nominal diameter of the polystyrene spheres of 500 nm. Their width is 432± 31 nm and remains approximately constant as a function of height, indicating negligible intercolumnar growth competition. The Cu rods exhibit faceting, which allows to determine their crystalline structure, as described in detail in Ref. 11 . Most of them are ͗110͘-, ͗001͘-, or ͗111͘-oriented single crystals, while others are polycrystalline, exhibit multiple stacking faults, and/or branch into complex morphologies.
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Figures 1͑b͒ and 1͑c͒ show SEM micrographs of Cu nanostructures grown by SOGLAD onto vertical 1.5-m-tall rods. That is, first, nanorods comparable to those shown in Fig. 1͑a͒ were grown using continuous substrate rotation. Secondly, growth was continued with a stationary substrate using simultaneously two deposition sources which, within the coordinates of the micrographs, are located to the left and the right. The average measured widths on the top, which range from 500 to 670 nm for Fig. 1͑b͒ and from 550 to 1080 nm for Fig. 1͑c͒ , are considerably larger than the initial rod diameter ͓from Fig. 1͑a͔͒ of 432 nm. Despite the broadening, the nanostructures are freestanding and do not touch their neighbors. This is attributed to a competitive growth mode 22 during SOGLAD, which causes a considerable fraction of the nanorods to die out. That is, while some ͑slightly higher͒ rods broaden, neighboring rods are overshadowed and their growth is terminated, causing an overall reduction of the nanorod number density to 71% and 46% of the original rod density for 0.25 and 0.50 m of SOGLAD, respectively, as quantified using plan-view micrographs.
The inset in Fig. 1͑c͒ is a high magnification image of the nanostructure that is enclosed by a dashed rectangle in Fig. 1͑c͒ . It indicates the strong tendency for faceting along low-energy ͕111͖ and ͕100͖ planes, as observed for all Cu rods in Fig. 1 . The nanostructure is an example illustrating how faceting affects atomic shadowing and microstructural evolution during SOGLAD. The structure exhibits branching, caused by the development of a vertical groove and a surface cusp near the middle of the structure, which we attribute to the combination of a local growth suppression due to atomic shadowing and a relatively high three-dimensional Ehrlich-Schwöbel barrier for adatom migration over facet edges. 23 Figure 2͑a͒ is a plot of the average width of the nanorods in the direction parallel ͑w ʈ ͒ and perpendicular ͑w Ќ ͒ to the SOGLAD flux versus the nominal rod height h. The values of w ʈ and w Ќ are determined using statistical analyses of plan-view micrographs. w ʈ = w Ќ for h ഛ 1.5 m, since the rods are grown up to this height with continuous substrate rotation. The width at h = 1.5 m is 508± 43 nm. This is slightly larger than 432± 31 nm, the value measured using cross-sectional micrographs, indicating a systematic overestimation of the width by plan-view micrographs 22 related to protrusions and short side branches that make the rod appear wider than its average width. 11 For h Ͼ 1.5 m, w ʈ and w Ќ show opposite trends: w ʈ increases from 508 to 658 nm, indicating a rod broadening along the SOGLAD deposition direction, while w Ќ decreases to 327 nm, indicating a corresponding reduced growth rate perpendicular to the deposition flux. Figure 2͑b͒ is a plot of the width aspect ratio ͑w ʈ / w Ќ ͒, indicating a linear increase in the rod broadening within the investigated range from 1.0 prior to initiating SOGLAD to 2.05± 0.24 for a nominal deposition of 0.5 m of SOGLAD. The plot also includes data from the numerical simulation described below, showing excellent agreement with our experimental result.
We numerically simulate the initial stages of the morphological evolution during SOGLAD, including the anisotropic broadening, as follows. The local growth rate g͑␣ , , ͒ in the direction perpendicular to the substrate surface at a point p on a nanocolumn is determined by the polar deposition angle ␣ = 84°, the angle between the local surface and the substrate surface, and the azimuthal angle by
where cos ␥ = sin ␣ sin cos + cos ␣ cos . ͑2͒
Here ␥ is the angle between the deposition flux and the local surface normal and f͑h͒ is the deposition rate as a function of height. f͑h͒ accounts for the shadowing from neighboring columns and is assumed to be a global function, that is, it is independent on the local geometry of the intercolumn arrangements. For deposition with continuous rotation about the azimuthal angle , the nanocolumn is expected to be circular symmetric. In that case, the growth G during a 360°r otation depends only on the distance r between p and the symmetry axis of a growing nanocolumn,
where 0 = ͑cos ␣ cos ͒ / ͑sin ␣ sin ͒ is the critical azimuthal angle for deposition, which is determined using Eq. ͑2͒ and the requirement that deposition at a specific point on the nanocolumn surface occurs only if ␥ Ͻ 90°. We now assume that the Cu nanorods exhibit a constant width during growth with continuous rotation, as observed experimentally in Fig. 1͑a͒ . This means that the column growth during continuous rotation is independent of r, that is, G͑r͒ = G 0 . The function f͑h͒ can then be analytically determined using Eqs. ͑1͒-͑3͒, a given constant G 0 , and assuming a spherically shaped column tip, as illustrated in Fig.  3͑a͒ . The growth rate for a stationary substrate and deposition from two sources corresponding to the experimental arrangement is then calculated using Eqs. ͑1͒ and ͑2͒ and f͑h͒. The result is illustrated in Figs. 3͑b͒ and 3͑c͒ , which show the top portion of the expected column morphology for 500-nm-wide columns with an additional 100 and 200 nm of SOGLAD, respectively.
The column-tip morphology prior to SOGLAD is spherical, as indicated in Fig. 3͑a͒ by the perfect circles in the contour plot. The dashed line in this plot corresponds to the tip shape at half-height, which is used to determine the width aspect ratio w ʈ / w Ќ = 1. The aspect ratio increases to 1.23± 0.05 and 1.34± 0.12 for 100 and 200 nm of SOGLAD, respectively. These values are also shown as data points in Fig. 2͑b͒ , indicating an excellent agreement of the model and the experimental observation. The good agreement is particularly notable, since the experimentally observed faceting and branching are not simulated. In addition, the model is expected to deviate from experiment for larger growth times, since it assumes a spherical column-tip shape for the determination of the local growth rate, which is no longer true if the column morphology is deformed by the anisotropic lateral growth during SOGLAD. Nevertheless, the simple model correctly describes the initial stages of the anisotropic broadening, the lateral growth during SOGLAD, as well as the growth suppression in the direction perpendicular to the deposition flux. Figure 3͑c͒ even qualitatively resembles the inset in Fig. 1͑c͒ , showing a surface cusp as well as a vertical groove.
In summary, growth experiments and numerical modeling show that nanocolumns broaden anisotropically when substrate rotation is stopped during GLAD with two oppositely positioned sources. The broadening is attributed to a change in the direction of the growth front from straight up to lateral growth, leading to an increase of the nanorod width in the direction parallel to the SOGLAD flux and a decrease in the perpendicular direction, resulting in an overall linear increase in the width aspect ratio. 
